We report a practical resonant gas sensor that is uniformly coated with metal organic frameworks (MOFs) and excited near the higher order modes for a higher attained sensitivity. The resonator is based on an electrostatically excited clamped-clamped microbeam. The microbeam is fabricated from a polyimide layer coated from the top with Cr/Au and from the bottom with Cr/Au/Cr layer. The geometry of the resonator is optimized to reduce the effect of the squeeze film damping, thereby allowing operation under atmospheric pressure. The electrostatic force electrode is designed to enhance the excitation of the second mode of vibration with the minimum power required. Significant frequency shift (kHz) is demonstrated for the first time upon water vapor, acetone, and ethanol exposure due to the MOFs functionalization and the higher order modes excitation. Also, the adsorption dynamics and MOF selectivity is investigated by studying the decaying time constants of the response upon gas exposure.
INTRODUCTION
Micro/nano resonators have shown promising results for the detection of gasses and minute masses [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Enhancing the sensitivity, reliability, and reducing the power of electrostatically actuated resonant gas sensors have been the subject of extensive research in the past two decades [14, 15] . Electrostatic actuation is the most commonly used method due to the low power consumption, ease of fabrication, and integration with CMOS circuits [16] . However, most of the electrostatically actuated resonators for gas sensing need to be operated under controlled environmental conditions and at low pressure to reduce the effect of squeeze film damping and obtain a high signal-to-noise ratio [17] . One solution, which requires complex circuit design, is to use positive and amplified feedback signal from the resonator oscillation velocity to enhance the quality factor [18] . Another approach is to introduce perforations in the resonator surface with careful design of the holes size and shape to minimize the damping effect [19] .
To improve sensitivity, different dynamical principles have been utilized, such as bifurcation points and pull-in instabilities [20] [21] [22] , weakly coupled resonators [23] [24] [25] [26] , and the coupling between bending and torsional modes [27] . The sensitivity can be further improved by reducing the resonator size. However; shrinking the size reduces the area available for functionalization and requires more controlled environmental condition for sensing. Alternatively, operating the resonator near the higher order modes can improve sensitivity [28, 29] . To excite the higher order modes with high amplitudes above the noise level and with the minimum required power, partial electrode configurations have been proposed [30] , where the lower electrode is designed to enhance and trigger the desired mode. Also, an increase in the quality factor is reported near the higher order modes, which is desirable for ultra-sensitive gas sensors [31, 32] .
The ability to selectively detect specific gasses under ambient conditions represents a constant technological challenge. Functionalizing the resonator surface gives the capability for selective detection. To detect a particular gas, resonators are coated with a thin film that has an affinity to a specific gas due to the chemical and/or physical interaction [33] [34] [35] . Gold coated resonators are proposed for mercury detection in [36] . Depending on the gold coating profile whether uniform layer or isolated islands, different responses have been reported. Functionalization with zeolitic imidazolate framework (ZIF), which has nanoporous structure, is proposed for detecting CO2. The selectivity of the ZIF coating to different gasses is demonstrated by studying the adsorption time constant for IPA and CO2 [23] . A cantilever coated with ZIF is investigated for detecting nitrotoluene, which is an explosive related molecule [4] . In [12] , an artificial nose is developed by coating an array of eight cantilevers with different polymers for selective gas sensing.
Metal-organic frameworks (MOFs) are porous materials composed of organic and inorganic materials with exposed inner chemical functionality and large surface area that can be easily tuned, functionalized, and engineered to selectively detect a specific gas [37, 38] . Resonators coated with MOFs are proposed for detecting a wide range of gasses, including volatile organic compounds [39] , humidity [40] , and H2S [41] .
In this paper, we present an electrostatically actuated resonator, excited near the second mode of vibration, and operated under ambient pressure and temperature. Also, the sensor can perform switching upon exceeding a threshold value. The resonator is functionalized with MOFs to further maximize its sensitivity when exposed to vapors.
FABRICATION
In this paper, we study and characterize clampedclamped microbeam resonators electrostatically actuated using a lower electrode that spans half of the beam length to enhance the excitation of the second mode of vibration [30] . To reduce the effect of squeeze film damping and operate the resonator in air, the microbeam width is reduced to 20 µm, which is the minimum width imposed by the fabrication process. The microbeam is fabricated using the process developed in [42] and composed of a 4.2 µm polyimide layer coated from top with Cr/Au layer. The Cr/Au layer acts as a hard mask that protects the beam during the reactive ion etching and defines the microbeam dimensions. The upper electrode is formed by coating the beam from the bottom with Cr/Au/Cr of thicknesses 50/200/50 nm. The lower electrode spans half of the beam length to optimize the excitation of the second mode shape. The two electrodes are separated by 3.3 µm air gap. In addition to its chemical and thermal stability, the polyimide has a low modulus of elasticity (8.5 GPa), which significantly reduces the voltage required to excite the resonator compared with silicon (160 GPa).
The microbeam surface is functionalized with a COOH-terminated layer by immersing the chip in an ethanolic solution of 16-mercaptohexadecanoic acid for 24 hours [43] [44] [45] . Before releasing the microbeam, a uniform MOF layer is grown using a layer-by-layer approach, by dipping the unreleased chip in copper acetate metal precursor ethanolic solution and organic ligand (terephthalic acid) ethanolic solution for two and three minutes, respectively. The process is repeated for 12 cycles where the chip is rinsed with ethanol every cycle [40] . Fig. 1 shows an optical and schematic of the MOF coated microbeam. The experimental setup is shown in Fig. 2 . The microbeam is electrostatically actuated by a data acquisition card connected to an amplifier, which provides actuation signals of wide range of frequencies and amplitudes. A laser Doppler vibrometer (MSA-500) is utilized to monitor the beam response and track the shift in the amplitude of vibration due to gas exposure. The microbeam is placed into a chamber connected to a gas bubbler. The gas flow into the chamber is controlled using the flow controller. To reveal the resonance frequencies, we experimentally actuate the device with a white noise signal. The vibration at different points along the beam is recorded to extract the frequency response curve and the corresponding mode shape, as depicted in Fig. 3 . The measured mode shapes, insets of Fig. 3 , match the clamped-clamped microbeam mode shape without any distortion or irregularities, which confirms the uniformity of the coating layer on the resonator surface. Next, we experimentally investigate the frequency response of the microbeam near the first and second mode of vibration. The microbeam is excited using the data acquisition DAQ card, and the vibration is detected using the laser Doppler vibrometer. The excitation signal is composed of an AC signal VAC superimposed to a DC signal VDC. The measurement is performed by focusing the laser at the mid-point for the first mode measurements and quarter of the beam length for the second mode measurement. Then, the frequency response curve is generated by sweeping the frequency Ω of the AC source near the mode of interest and taking the steady state maximum amplitude of the motion Wmax. Figure 4 shows the frequency response near the first (72.5 kHz) and second (184.2 kHz) modes of vibration for different AC loadings.
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To quantify the amount of adsorbed gas, different methods have been utilized in the literature, such as tracking the frequency shift by implementing a phaselocked loop circuit, monitoring the gain or phase change for a fixed frequency excitation, or measuring the change in the quality factor (Q). The most conventional method is to monitor the frequency shift using the phase locked loop (PLL). This method is adequate for high Q resonators. For low Q resonators, designing and implementing the PLL circuit becomes challenging and complicated. In this case, another method is recommended, in which the resonator is excited near the resonance frequency, and the amplitude change due to gas exposure is recorded. Then, the amplitude change is calibrated into a frequency shift, which is used to calculate the amount of the adsorbed gas [46] . Figure 5 shows the frequency response and the calibration formula near the first and second mode of vibration of the 500 µm long microbeam. The operating point is chosen close to the peak of the response curve, i.e., at 72.5 kHz near the first mode and 184.2 kHz near the second mode. As vapor is being absorbed on the resonator surface, the amplitude decreases following the right branch of the response. This decrease is transformed into frequency shift by using the slope, as shown in each plot. The responsivity of the sensor is given by The minimum detectable mass is found by exciting the resonator at the operating frequency and monitoring the amplitude fluctuation due to noise over a 5 minute period.
The experiment is conducted near the first and second mode of vibration as depicted in Fig. 6 
RESULTS
The resonator is placed inside the chamber and exposed to water vapor, Acetone, and Ethanol at a fixed flow rate of 4 l/min. The chamber is flushed with nitrogen for an extended period of time until the stabilization of the response. Then, the resonator is exposed to vapors while monitoring the response until saturation, which corresponds to the maximum vapor adsorbed on the resonator surface. To ensure the repeatability of the results, the vapor flow is replaced with nitrogen to flush the resonator and return to the original state. The exposure and flushing cycle is repeated for several times to ensure a complete reversibility of the sensor. Figure 7 shows the frequency shift of the resonator over time due to water vapor, Acetone, and Ethanol exposures near the first and second mode of vibration. A higher frequency shift for the different gasses is reported near the second mode as shown in Table 1 . The dynamics of the absorption is studied by fitting an exponentially decaying function f(t) = ∆f exp(-t/τ ) to the experimental data, where τ is the time constant, and ∆f is the amplitude of the frequency shift [23] . As shown in Table 1 (c) Fig.7 . Real time measurement of the frequency shift near the first and second mode of vibration due to vapor exposures of (a) water vapor, (b) Acetone, and (c) Ethanol. 
CONCLUSIONS
We presented a highly sensitive resonant gas sensor, functionalized with uniform MOF layer, and electrostatically excited near the second mode under ambient conditions of pressure and temperature. A minimum detectable mass of 203.2 fg and resolution of 640 ag/Hz is reported near the second mode of vibration. The resonator is fabricated from polyimide layer which in addition to the stable chemical and thermal properties, has a low modulus of elasticity (8.5 Gpa) which reduces the voltage required to actuate the resonator. Water vapor, Acetone, and ethanol gasses were tested near the first and second mode of vibration where large frequency shift in (kHz) is measured for the first time. The selectivity of the MOF coating to water vapor is demonstrated by studying the adsorption dynamics of the experimentally recorded response.
